Background-We identified an interleukin-1 receptor family member, ST2, as a gene markedly induced by mechanical strain in cardiac myocytes and hypothesized that ST2 participates in the acute myocardial response to stress and injury. Methods and Results-ST2 mRNA was induced in cardiac myocytes by mechanical strain (4.7Ϯ0.9-fold) and interleukin-1␤ (2.0Ϯ0.2-fold). Promoter analysis revealed that the proximal and not the distal promoter of ST2 is responsible for transcriptional activation in cardiac myocytes by strain and interleukin-1␤. In mice subjected to coronary artery ligation, serum ST2 was transiently increased compared with unoperated controls (20.8Ϯ4.4 versus 0.8Ϯ0.8 ng/mL, PϽ0.05). Soluble ST2 levels were increased in the serum of human patients (Nϭ69) 1 day after myocardial infarction and correlated positively with creatine kinase (rϭ0.41, PϽ0.001) and negatively with ejection fraction (Pϭ0.02). Conclusions-These data identify ST2 release in response to myocardial infarction and suggest a role for this innate immune receptor in myocardial injury.
T he pathways that lead from biomechanical overload to cardiac remodeling are of paramount clinical importance, yet this process remains incompletely defined. A major advantage of genomic technology is the discovery of new, previously unsuspected pathways and biomarkers. By applying genomic technology to well-characterized model systems, unique genes that would otherwise not be candidates for investigation can be identified. To identify novel pathways in cardiac myocyte mechanotransduction, we applied DNA microarray technology to cultured cardiac myocytes subjected to precisely controlled biomechanical overload. Among 7000 transcripts of known function, the gene for the interleukin-1 receptor family member ST2 was exceptionally upregulated in cardiac myocytes subjected to mechanical strain.
Soluble and membrane receptor forms of ST2 are produced by alternative promoter splicing and 3Ј processing. 1,2 Soluble ST2 is induced by serum stimulation of resting fibroblasts, 3 whereas membrane receptor ST2 has immunomodulary functions as a cell-surface marker of T helper type 2 (Th2) lymphocytes. 4, 5 Membrane receptor ST2 is also expressed on hematopoietic and cancer cell lines, although its function in these contexts is incompletely understood. 6 Although the extracellular immunoglobulin domain of ST2 has high homology to this region of the interleukin-1 receptor, it does not bind interleukin-1 with high affinity. 7, 8 We report the inducible expression and regulation of ST2 in cultured cardiac myocytes and transient expression of serum soluble ST2 after myocardial infarction (MI) in mice. Soluble ST2 is increased in the circulation of patients 1 day after MI. These findings suggest that ST2 participates in the cardiovascular response to injury and that serum ST2 may be a useful biomarker.
Methods
Nomenclature IL1RL1 (interleukin-1 receptor-like-1) is the approved symbol for ST2 from the Human Gene Nomenclature Database. 9 IL1RL1-a is the designated symbol for the soluble ST2 receptor, and IL1RL1-b is the designated symbol for the ST2L membrane-bound receptor. This gene has been named Fit-1S (soluble) and Fit-1M (membrane receptor) in rat.
Culture and Biomechanical Strain of Myocytes
Neonatal rat cardiac myocytes (NRCMs) from 1-day-old Harlan Sprague-Dawley rats were isolated and plated on silicone dishes as described. 10 Twenty-four hours after plating, media was changed to DMEM containing 1% ITS supplement (Sigma) for 48 hours before mechanical deformation. 10 
RNA Analysis
Northern analyses were performed as described. 10 Hybridization was performed with a 32 P-dCTP-labeled cDNA probe corresponding to rat Fit-1 generated by polymerase chain reaction (PCR). Autoradiograms were quantified by densitometry (Scion Image for Windows). mRNA levels are expressed relative to densitometry of 18S ribosomal RNA ethidium bromide staining. Fold changes were calculated relative to control.
Nuclease protection assay was performed with a 71-mer oligonucleotide spanning the splice junction of soluble Fit-1S and membrane Fit-1M, which was 3Ј-end labeled with 32 Pdd[␣-ATP] (Amersham) using terminal deoxynucleotidyl transferase. Nuclease-digested hybridized products were electrophoresed through a 5% polyacrylamide gel followed by autoradiography.
Relative reverse transcription-polymerase chain reaction (RT-PCR) for soluble ST2 (ST2) and membrane receptor ST2 (ST2L) was performed as described 11 with modifications. First strand cDNA was synthesized from total RNA and used as template with the following primers: mouse ST2 forward, 5Ј-ACGCTCGACTTATCCTGTGG-3Ј; reverse, 5Ј-CAGGTCAATTGTTGGACACG-3Ј; mouse ST2L forward, 5Ј-GTGATAGTCTTAAAAGTGTTCTGG-3Ј; reverse, 5Ј-TCAAAA-GTGTTTCAGGTCTAAGCA-3Ј); and ␤-actin forward, 5Ј-TGTT-TGA GACCTTCAACACC-3Ј; reverse, 5Ј-CGCTCATTGCCGATAG-TGAT-3Ј. The PCR reaction mix containing template and 32 P-dCTP was divided, and specific primers were added. PCR products were electrophoresed on agarose gels. The single band for ST2, ST2L, and ␤-actin was excised, and Cherenkov counts were determined. Slopes of linear amplification plots over a range of cycles were similar in MI and sham samples. The final cycle number used for relative quantification was in the linear range of amplification by cycle number. ST2 and ST2L levels are expressed relative to ␤-actin levels.
Promoter-Reporter Assays
A 2.0-kb region surrounding IL1RL1 exon 1a and a 3.4-kb region surrounding IL1RL1 exon 1b (Genbank Accession No. AC007248.4) were amplified from human genomic DNA with the following primers: Exon 1a forward, 5Ј-ATCGACGCGTAGATAGGCCATCTCGGGCAT G-3Ј; reverse, 5Ј-ATATCTCGAGCAGGCACCCGCAACAAACTTG-3Ј (nucleotides 83,340 to 85,303) and exon 1b forward, 5Ј-ATCGACGCGTCGC-CTGCAGAATTTCATCATTATG-3Ј; reverse, 5Ј-ATATCTCGAGAGC-TGGTAGAAACTTCAGAAGTT-3Ј (nucleotides 108,365 to 111,749). Underlines represent added MluI and XhoI restriction sites to facilitate subcloning. PCR products for exon 1a and exon 1b were cloned into the pGL3 luciferase reporter vector (Promega).
Myocytes were transfected with pGL3 plasmid containing exon 1a or exon 1b and ␤-galactosidase plasmid using FuGENE 6 Transfection Reagent (Roche). Six hours after transfection, mechanical strain (8%), interleukin-1␤ (R and D Systems) (rat, 10 ng/mL), or phorbol ester (Sigma) (phorbol myristate acetate, 200 nmol/L) was applied, and cells were harvested 24 hours later. Luciferase and ␤-galactosidase were detected using chemiluminescent reporter assay (Applied Biosystems).
Experimental MI in Mice
Procedures were approved by the Harvard Medical School Standing Committee on Animals. MI was created by coronary artery ligation in mice of C57/BL6J strain, anesthetized with intraperitoneal ketamine (50 mg/kg) and xylazine (2.5 mg/kg) as described. 12 Additional mice underwent the identical surgical procedure without ligation of the coronary artery (sham). Tissues were harvested for mRNA analysis 4 hours after ligation (Nϭ7 per group, MI; Nϭ8 per group, sham). Blood was collected for serum ST2 levels 1 day and 3 days after ligation (Nϭ4 per group, MI and sham). Unoperated mice (Nϭ4) were included for RNA analysis and serum ST2 levels.
Patient Studies and ELISA for ST2
The Healing and Early Afterload Reducing Therapy (HEART) study enrolled 352 patients with acute MI from 36 centers in the United States and Canada. Details of the trial have been described. [13] [14] [15] Serum samples from days 1, 14, and 90 after MI from 69 randomly chosen patients in the HEART trial were assayed for soluble ST2 with a sandwich ELISA. 16 Serum ST2 levels in mice were measured with a sandwich ELISA using a rat monoclonal anti-mouse ST2 antibody (Morwell Diagnostics) and a rabbit polyclonal anti-mouse ST2 antibody. 17 
Statistics
In vitro experiments were performed a minimum of 3 times. Values are meanϮSEM. Data were analyzed by one-way ANOVA with post hoc Bonferroni multiple comparison analyses and with linear regression analysis. PϽ0.05 was considered significant.
Results

Induction of ST2 mRNA in Neonatal Rat Cardiac Myocytes
Northern analyses of RNA from neonatal rat cardiac myocytes (NRCMs) subjected to mechanical strain or no strain are shown in Figure 1a . The major inducible transcript was soluble ST2 at Ϸ2.7 kb. The 4.7Ϯ0.9-fold (PϽ0.0001, Nϭ6) maximal induction occurred at 2 hours and was sustained for 15 hours. ST2 was induced 2.0Ϯ0.2-fold (PϽ0.02, Nϭ6) by interleukin-1␤ and Ͼ25 fold (PϽ0.0001, Nϭ6) by phorbol ester (Figure 1b) . There was no additive or synergistic effect of strain and strain plus interleukin-1␤, suggesting common pathways for induction of ST2 by these stimuli (Figure 1b) . Treatment with angiotensin II (100 nmol/L) did not induce, nor did angiotensin II type 1 receptor blockade (CP-191,166, 100 nmol/L) block, the biomechanical induction of ST2 (data not shown), suggesting that angiotensin II does not mediate the induction of ST2. 18 Antioxidants (TIRON, 10 mmol/L and catalase, 500 U/mL) did not block biomechanical induction of ST2, and hydrogen peroxide (100 mol/L) did not induce ST2 (data not shown), suggesting that oxidant signaling pathways do not mediate induction of ST2.
Interleukin-4 (0.2 to 10 ng/mL), which activates naive CD4 ϩ T cells to express membrane ST2, 19 did not induce ST2 mRNA in NRCM. Lipopolysaccharide (10 mol/L), a ligand for the related toll-like receptor 4 (TLR4), failed to induce ST2, as did tumor necrosis factor-␣ (10 ng/mL) (data not shown). These results suggest that the induction of ST2 is not indiscriminate for multiple pathways. The rank order potency for the induction of ST2 mRNA in NRCM was phorbol esterϾ mechanical strainϾ interleukin-1␤.
Both Soluble and Membrane Forms of ST2 Are Induced by Mechanical Strain in NRCM
A 32 P end-labeled 71 oligonucleotide spanning the splicing junction of the soluble (Fit-1S) and membrane (Fit-1M) ST2 was used as a probe in a nuclease protection assay to determine whether both isoforms of ST2 are induced in response to strain. The 5Ј sequences of Fit-1S and Fit-1M are identical; on nuclease digestion, Fit-1M yields a larger protected fragment. Both soluble Fit-1S and membrane Fit-1M were induced by mechanical strain in NRCM, although the more abundant transcript was the soluble Fit-1S isoform (Figure 2 ).
The Proximal Promoter Region Surrounding ST2 Exon 1b Is Responsive to Interleukin-1␤, Mechanical Strain, and Phorbol Ester in NRCM
Transcription and translation of soluble and membrane ST2 are determined by alternative promoter usage and are celltype specific. 2, 19, 20 The ability of interleukin-1␤, strain, and phorbol ester to activate exon 1b proximal promoter region and exon 1a distal promoter region was examined ( Figure 3 ). All 3 stimuli activated the ST2 exon 1b proximal promoter region (ANOVA, PϽ0.01). Mechanical strain caused a 2.6Ϯ0.4-fold induction (PϽ0.001, Nϭ8), interleukin-1␤ caused a 1.8Ϯ0.2-fold induction (PϽ0.05, Nϭ4), and phorbol ester caused a 7.8Ϯ1.0-fold induction (PϽ0.001, Nϭ4) over control. These results show that the proximal promoter region is active in NRCM with the same rank order potency as for induction of ST2 mRNA by Northern analysis. A less robust, but significant, activation of ST2 exon 1a distal promoter region was observed in response to phorbol ester only (1.3Ϯ0.2-fold change, PϽ0.05; Nϭ4 per group). Interleukin-1␤ was weakly repressive (0.7Ϯ0.1-fold change, PϽ0.05), and strain showed no effect (1.1Ϯ0.2-fold change, PϭNS). These results suggest that the ST2 exon 1a distal promoter region is less responsive in NRCM for induction of ST2.
ST2 Is Induced In Vivo After MI in Mice
To test the hypothesis that ST2 is induced in vivo, we assayed serum for soluble ST2 in mice after experimental MI ( Figure   4 ). Serum ST2 levels in unoperated mice were 0.84Ϯ0.78 ng/mL. One day after MI, serum ST2 levels in MI mice were 20.8Ϯ4.4 ng/mL (PϽ0.01 versus unoperated controls). In sham mice, serum ST2 levels were 10.5Ϯ2.2 ng/mL (PϽ0.05 versus control and versus MI), indicating that surgical stress induces serum ST2 in the absence of MI. Three days after MI, ST2 serum levels were similar among unoperated, sham (1.6Ϯ0.8 ng/mL), and MI mice (2.5Ϯ1.5 ng/mL) (ANOVAϭNS).
To determine whether ST2 is transcriptionally regulated in the heart after MI, we performed relative RT-PCR for ST2. In left ventricular (LV) tissue, ST2 mRNA levels were significantly increased 4 hours after MI (1.44Ϯ0.06 U) compared with sham (1.21Ϯ0.06 U, PϽ0.05), which were slightly, but not significantly, higher than in unoperated mice (1.00Ϯ0.10 U). We observed a trend for an increase in ST2L mRNA in LV from MI versus sham (1.28Ϯ0.07 versus 1.00Ϯ0.09 U, Pϭ0.06). These results demonstrate that ST2 is transcriptionally regulated in vivo in the mouse heart after MI, although transcriptional regulation of ST2 is notably less in vivo than in NRCM. We explored transcriptional regulation of ST2 in other tissues. ST2 mRNA was significantly increased in thymus in MI mice compared with sham mice (1.42Ϯ0.10 versus 1.10Ϯ0.07 U, PϽ0.05), which was not different from unoperated mice (1.00Ϯ0.14 U). ST2L mRNA levels in the thymus were similar in all groups. In spleen, lung, atrium, and liver, ST2 mRNA was not different among the 3 experimental groups. Of note, ST2 mRNA levels were 10-fold lower in liver compared with all other tissues examined (data not shown).
Soluble ST2 Is Increased in the Systemic Circulation of Patients One Day After MI
To test whether ST2 is released into the circulation in humans after MI, we assayed serum samples for ST2 from 69 participants of the HEART study on days 1, 14, and 90 after MI ( Figure 5 ). Circulating ST2 was increased on day 1 (3.8Ϯ0.4 ng/mL, PϽ0.001; range, 0.32 to 17.42 ng/mL) compared with day 14 (0.98Ϯ0.06 ng/mL; range, 0.25 to 3.42 ng/mL) and day 90 (0.79Ϯ0.07 ng/mL; range, 0.02 to 3.53 ng/mL; day 14 versus day 90, PϭNS; panel a). Circulating ST2 correlated positively with peak creatine kinase (rϭ0.41, PϽ0.001; panel b) and negatively with LV ejection fraction (rϭϪ0.32, Pϭ0.02; panel c). These results suggest an association between the extent of myocardial injury or biomechanical load and soluble ST2 in the circulation.
Discussion
We present the induction and regulation of the interleukin-1 receptor family member ST2 in cardiac myocytes, a transient promoter-luciferase constructs. a, Schematic representation of proximal and distal ST2 promoter region usage that gives rise to soluble and membrane ST2. Promoter usage is cell-type specific to produce a predominant transcript (indicated by thick lines) and a minor transcript (thin lines). b, 3.4-kb DNA flanking ST2 exon 1b (proximal promoter region) fused to luciferase reporter was responsive to interleukin-1␤, mechanical strain, and phorbol ester. 2.1-kb DNA flanking ST2 exon 1a (distal promoter region) fused to luciferase reporter was slightly repressed by interleukin-1␤, nonresponsive to mechanical strain, and weakly responsive to phorbol ester. *PϽ0.05. Figure 4 . Serum ST2 levels in mice after MI. Serum ST2 levels were significantly increased 1 day after MI compared with sham-operated mice. Three days after MI, serum ST2 levels were similar among unoperated, sham-operated, and MI mice.
increase in soluble ST2 in the serum of mice after MI, and increased levels of soluble ST2 in the systemic circulation of human patients 1 day after MI. The expression of ST2 has not previously been described in the cardiovascular system, and therefore this represents a novel cytokine receptor pathway in myocardial pathophysiology. Soluble ST2 was identified by its serum induction in resting fibroblasts 3 as a transcript regulated by AP-1/Fos-1 transcription factor activity. 2 We found that ST2 is induced in cardiac myocytes by mechanical strain, interleukin-1␤, and phorbol ester but not lipopolysaccharide, a ligand for toll-like receptors, or tumor necrosis factor-␣. The interleukin-1 receptor, toll-like receptors, and membrane ST2 receptor all belong to the TIR (toll interleukin receptor) family. Our findings that lipopolysaccharide and tumor necrosis factor-␣ did not induce ST2 mRNA suggest that among the TIR family and tumor necrosis factor receptor, there is specificity for interleukin-1␤/interleukin-1 receptor signaling for ST2 induction.
No function for soluble or membrane receptor ST2 has yet been identified, in part because no activating ligand for ST2 is known. However, using chimeric receptors, it has been shown that membrane ST2 signaling includes nuclear factor (NF)-B activation, [21] [22] [23] but the downstream ST2 signaling targets are not known.
Soluble and membrane forms of ST2 are produced through cell-and context-dependent regulation of proximal and distal promoter regions surrounding ST2 exons 1b and 1a, respectively. 1, 2, 19, 20 In mast cells, soluble ST2 is induced by GATA-1 transcription factor mechanisms via activation of the distal exon 1a promoter region, 20 whereas in fibroblasts, the proximal promoter region is activated. 2 Both promoter regions used in the present study contain consensus sites for AP-1, NF-B, Oct-1, GATA-1, and SP-1 transcription factors. In this study, the magnitude of induction of the proximal exon 1b region in response to interleukin-1␤, strain, and phorbol ester was similar to the mRNA induction to these stimuli, supporting the conclusion that in cardiac myocytes, similar to fibroblasts, regulation of induced ST2 expression is via activation of the proximal promoter region surrounding exon 1b to generate abundant soluble ST2 and minor amounts of membrane ST2L transcript.
MI is associated with an early loss in myocardial function that leads to increased LV wall stress. Stress-activated cytokines including interleukin-1, interleukin-6, and tumor necrosis factor-␣ also participate in the initial myocardial response to stress and injury. 24, 25 We speculate based on our studies that myocardial stress or stress-activated cytokine release may be one mechanism leading to induction and release of ST2. However, this study found a disparity between the level of transcriptional regulation (mRNA induction) of ST2 in neonatal cardiac myocytes in vitro and in the mouse heart in vivo, suggesting that mechanisms other than transcriptional regulation are operative in vivo. We cannot determine whether in humans after MI, serum ST2 is elevated in response to cell injury or in response to increased ventricular stress. We observed a significant increase in serum ST2 in mice subjected to sham surgery compared with unoperated mice. However, serum ST2 levels in mice with MI were increased 2-fold compared with sham-operated mice and increased 4-fold in patients after MI. Serum ST2 levels showed a weak but highly significant correlation to levels of creatine kinase, a marker of cellular injury that could have originated from noncardiac sources. We cannot determine the origin of circulating serum ST2 in patients. Serum ST2 may be synthesized and released from cell types remote from the site of cell injury or stress.
Membrane ST2 is homologous to the innate immunity toll-like receptors, which are early response mediators of immunity and inflammation. 26 Membrane ST2 is a surface marker for Th2 lymphocytes that produce interleukin-4 and Figure 5 . ST2 protein levels in the circulation of human patients after MI. Serial blood samples from 69 patients from the HEART study were analyzed for ST2 by ELISA. a, ST2 was significantly increased 1 day after MI compared with day 14 and day 90. b, Linear regression analysis demonstrating a significant positive relationship (PϽ0.001) between circulating ST2 and creatine kinase 1 day after MI. Log ST2(ng/mL)ϭ0.454[log CK(U/ L)]Ϫ1.07. c, Linear regression analysis demonstrating a significant negative relationship (Pϭ0.02) between circulating ST2 and LV ejection fraction 1 day after MI.
interleukin-10, 5, 27 Th2 cytokines that have been shown to be anti-inflammatory cytokines in cardiac disease secondary to interleukin-1 signaling. 28, 29 No study has demonstrated a functional link between secreted ST2 and Th2 immune function through membrane-anchored ST2.
Signals from stressed and necrotic cells can activate antigen-presenting cells residing in all tissues, a process aided by Th2 cells. 30 -32 Soluble ST2 released in response to stress or injury after MI may participate in these immunoregulatory functions, suggested by our finding of a correlation between systemic ST2 levels and creatine kinase, a marker of cell necrosis.
In summary, we identified a novel stress-activated signaling pathway: induction of ST2, an interleukin-1 receptor family member, after myocardial stress or injury. The potential importance of this is supported by the finding of increased levels of circulating ST2 in patients after MI, although the biological and clinical significance of this is presently unknown. Additional work is needed to clarify the role of ST2 in immune modulation of cardiovascular disease and to determine the usefulness of serum ST2 as a biomarker for myocardial injury.
